Abstract In the present research, nanocomposite antibacterial cellulose fibers of Lyocell type modified with nanosilver particles and nanosilica were obtained. Nanosilver particles were generated by the chemical reduction of silver nitrate (AgNO 3 ) in 50% water solution of N-methylmorpholine N-oxide (NMMO), which was applied as a direct cellulose solvent for the production of Lyocell fibers. The main aim of this study has been to obtain antibacterial cellulose fibers modified with silver nanoparticles, which are entirely safe for contact with human tissue. Taking into account the potential medical applications of the obtained fibers, the antibacterial activity and cytotoxicity of silver nanoparticles enclosed in fibers were examined in human and mouse cells. Considering the size of the silver nanoparticles with nanosilica in NMMO and their physical properties, the time of generation was the subject of a thorough analysis. The basic physical properties of the nanoparticles introduced in the fibers were tested using the UV/VIS, DLS and TEM methods. The basic properties of the fibers, namely the mechanical and hydrophilic ones, and the average degree of polymerisation of the cellulose fibers were estimated. The conditions of the synthesis of nanoparticles in NMMO with nanosilica were optimised. The results have confirmed that fibers with high-quality antibacterial properties, safe for human tissue and suitable for medical purposes, could be obtained.
Introduction
New, functional textile products are in demand in the modern market. At present, silver nanoparticle modification of various products, e.g. plastics, textiles, cosmetics etc., seems to be one of the most popular research topics (Srinivas 2016; Carbone et al. 2016; Gokarneshan and Velumani 2017) . Silver nanoparticles are used especially for medical applications, e.g. wound dressings, catheters, aprons, face masks, gloves etc. (Zhang et al. 2016) . The unique bioactive properties of medical textiles and the enormous number of potential applications encourages many scientists, research teams and centres around the world to focus their work on a more effective and safe manner of production of textiles modified with silver nanoparticles. Introducing the modifier into the polymer matrix is an interesting physical method of modification. One of the most suitable methods for modified fiber production is Lyocell technology, based on NMMO as a direct solvent. According to many scientific papers and patents, cellulose fibers obtained through the NMMO method can be relatively easily modified with various types of inorganic and polymeric modifiers introduced into the cellulose matrix Kulpinski 2007a ; Kozlowski et al. 2009 ). Some studies were carried out with nanosilica as a modifier and Ludox SM30 was one of them . It was shown that it is possible to introduce 30% Ludox SM30 into the spinning solution and to obtain fibers, but it was observed that over 5% of this modifier significantly decreases tenacity at break. Conversely, the fibrillation ability of the modified fibers was substantially limited. Based on recent research, NMMO technology also seems to be a very useful method for modifying cellulose fibers with silver nanoparticles, especially since it enables the generation of silver nanoparticles practically at any stage of the process (Laszkiewicz et al. 2006; Smiechowicz et al. 2011 ).
Wendler et al. obtained Alceru cellulose fibers with silver nanoparticles by introducing colloidal nanosilver (NanoSilver) into the fiber structure. The results showed high antibacterial activity, good tenacity and a high level of whiteness of the produced fibers. The authors, however, underline that it was necessary to apply special stabilisers when nanosilver in its colloidal form was used during the process of dissolving cellulose in NMMO (Wendler et al. 2007 ).
Zimmer AG mass-produces SeaCell cellulose fibers with algae and SeeCell Active fibers with silver ions besides algae, by introducing the modifier to the polymer matrix of the fibers. Studies proved the antibacterial and antifungal activities of these fibers, but this effect was achieved in an additional stage by applying after-treatment with silver nitrate (AgNO 3 ) (Zikeli 2002) .
Nanosilica is more often used in composite materials, particularly in medicine. For example, Madhumati et al. (2009) obtained novel chitin/nanosilica composite scaffolds. The incorporation of silica into the chitin scaffold can thus produce a bioactive scaffold, which can be used for tissue engineering applications. It was shown that the addition of silica can improve the bioactivity and biocompatibility of chitin. Quanguo et al. (2012) prepared and characterised silver-loaded antibacterial nanosilica particles. By using the nano/micro silica prepared as a carrier, silver-loaded antibacterial nanosilica particles forming SiO 2 /Ag composites were obtained through silver salt adsorption and subsequent chemical reduction. In this case, such silver-loaded antibacterial silica nanoparticles show an attractive prospect in inorganic oxides utilisation and extended antibacterial application. Sujoy et al. (2013) obtained a nanosilica-AgNPS composite material as an antifouling nanomaterial for sustainable water purification. Silver nanoparticles of about 10 nm were synthesised on the surface of nanosilica through protein-mediated reduction of bound silver ions on nanoporous silica. NanosilicaAgNPs showed a long-term antibacterial activity against both planktonic cells and biofilms of Gramnegative Escherichia Coli and Pseudomonas Aerugionosa.
Niekraszewicz (Niekraszewicz 2006 ) obtained antibacterial cellulose fibers by introducing an inorganic antibacterial agent AlphaSan (silver-zirconium phosphate) into spinning solutions during the dissolution of cellulose in NMMO. An additional introduction of Ludox SM30 nanosilica resulted in the improvement of the antibacterial properties of the fibers. Both the bacteriostatic and bactericidal activities of the fibers were increased. It seems that this was the effect of the good action of nanosilica. Nanosilica creates stronger bonds with silver which consequently leads to slower silver release from the fibers. As a result, it was possible to use less inorganic antibacterial agents, which was important from an economical point of view, as antibacterial silver agents are more expensive than nanomodifiers, especially nanosilica Ludox SM30. Additionally, the lesser amount of antibacterial agents caused the elimination of the disadvantageous colour of the fibers, as opposed to when only antibacterial agent was used. Our latest research (Smiechowicz et al. 2014) has shown the effect of silver nanoparticles' shape, size and distribution on the colour of cellulose fibers.
In this paper, one of the applied methods presents the use of nanosilica as an additional modifier added to the NMMO and AgNO 3 solution during the spinning dope preparation.
For this reason, the main aims of the present research were to obtain new bioactive cellulose fibers modified with silver nanoparticles and nanosilica enclosed in the polymer matrix, and study their properties. The frame of the present research involves the estimation of the properties of silver nanoparticles built in the fiber matrix (DLS, TEM, EDX). Also, the antibacterial activity, cytotoxity, and mechanical and hygroscopic properties of modified fibers were determined.
Experimental section

Materials
Cellulose pulp (Rayonier Ltd.) containing 98 wt (%) of a-cellulose with an average polymerisation degree of about 1250 (DP) and NMMO as 50% aqueous solution (from Huntsman Holland BV, the Netherlands) were used in the preparation of the spinning dope. The process of cellulose dissolution was carried out in an IKAVISC kneader. In order to remove the excess water, low pressure (200 hPa) and elevated temperature (up to 115°C) were applied. The propyl ester of gallic acid (Tenox PG Ò ) from Aldrich (Gillingham, Dorset, UK) was applied as an antioxidant. Silver nitrate (AgNO 3 ) manufactured by the CHEMPUR, Poland was used for the generation of metallic silver nanoparticles. Nanosilica was manufactured by Aldrich, Poland under the trade name Ludox Ò SM30.
Preparation of the fibers
In order to obtain cellulose fibers, which contain only silver nanoparticles or silver nanoparticles with nanosilica, the following procedure was carried out: 0.01 M AgNO 3 in aqueous solution was added to a 50% aqueous NMMO solution. The used amount of AgNO 3 corresponded to the theoretically calculated number of silver nanoparticles in the fibers, which equals to 0.05% (500 ppm). Based on the results from our previous research, the applied concentration of silver nanoparticles enclosed in the polymer matrix of fibers provides good antibacterial properties against Escherichia coli and Staphylococcus aureus (Kulpinski 2007b). The obtained NMMO-AgNO 3 systems were incubated in the darkroom, at the same temperature of 20°C, but for different amounts of time for each of the prepared samples (12, 24 and 48 h respectively).
The AgNps generation process, which took place in the presence of nanosilica, was carried out for the chosen time of the AgNO 3 reduction, namely 24 h. The applied time of AgNPs synthesis appeared to be optimal in terms of the even distribution of nanoparticles in the polymer matrix of fibers, as well as the very good antibacterial properties of the modified fibers. A colloidal solution of nanosilica (5 wt% calculated on the a-cellulose contents) was added to the incubated NMMO-AgNO 3 solutions (during the stage of AgNPs synthesis).
After the applied times of AgNPs synthesis, 8% solution of cellulose in NMMO was prepared using each of the pre-incubated solutions with AgNPs or AgNPs/nanosilica (after the appropriate time of synthesis). The dissolution process was carried out in the kneader, until a homogenous spinning dope was obtained. Fibers were spun using the dry-wet method on a laboratory spinning machine, which has been described in previous works (Smiechowicz et al. 2011) . Table 1 shows the abbreviations for the samples used in the present research.
Instrumentation and methodology
The size and volume distribution of silver nanoparticles were determined by the Dynamic Light Scattering technique (DLS) with a PSS Nicomp 380 particle sizer (Santa Barbara, California) system. The DLS analysis of the size of silver nanoparticles was conducted based on Nikomp Distribution (intensity weighting, volume weighting and number weighting). Nikomp Distribution was generated by PS Nikomp software's CW 388 application (v. 1.55), normalised to 100%.
An independent check of the results obtained by DLS was conducted by transmission electron microscopy (TEM) TECNAI SuperTWIN FEG (200 kV). Shape and size distribution were assessed by the NISElements software.
The energy-dispersive EDX (EDAX Phoenix with a (Si; Li) drifted detector with a UTW window sensitive to all elements down to Boron) nanoanalysis was performed to execute elemental analysis and chemical characterisation of selected samples, as well as to confirm the qualitative analysis of silver particles.
Fiber linear density was determined according to ISO 1973 ISO :1995 . Conditioned tenacity and elongation at break were measured according to PN-85/P-04761/04. Measurements were performed using the ZWICK/Z 2.5/TN1S (Ulm, Germany) tensile testing machine with TestXpert v. 7.1 software.
Moisture absorption of the obtained fibers at 65% at 20°C was determined according to Polish standard PN-71/P-04635. Water retention was measured in accordance with PN-72/P-04800.
The Japanese Industrial Standard (JIS L 1902: 1998 'Testing method for antibacterial of textiles') was used for the evaluation of the antibacterial efficiency of modified fibers. The test was performed using the Gram-negative strain of Escherichia coli (ATCC 11229) and the Gram-positive strain of Staphylococcus aureus (ATCC 6538). The tests for E. coli (Gramnegative bacteria) and S. aureus (Gram-positive bacteria) were carried out. For each sample of cellulose fibres, the bacteriostatic (S) and bactericidal (L) values were calculated. The S value was expressed by:
where Mb is the amount of bacteria after 24 h inoculation of the sample fibres without a modifier, and Mc is the amount of bacteria after 24 h inoculation of the sample with a certain amount of modifier. The L value was calculated according to the formula:
where M a is the amount of bacteria recovered from the inoculated sample fibres without modifier at the beginning of contact time.
Cytotoxic activity of modified fiber extracts
• obtaining extracts from modified fibers
In order to obtain extraction fluids from cellulose fibers modified with silver nanoparticles generated from NMMO-AgNO 3 (F-Ag/24), silver nanoparticles generated from NMMO-AgNO 3 plus nanosilica (F-A ? Si/24) and non-modified control fibers (F 0 ), 0.02 g of each product was subjected to extraction in strictly defined conditions (24 and 48 h, 36°C, rocking incubator) into 1 ml of Dulbecco's Phosphate Buffered Saline (PBS, Sigma) and 1 ml of Iscove's Modified Dulbecco's Medium (IMDM, CytoGen) cultivation medium or 1 ml of PBS and 1 ml of IMDM supplemented with 10% Fetal Calf Serum (FCS). Extraction fluids were then collected and filtered through 0.2 lm bacteriological filters.
• determination of the cytotoxic activity of modified fiber extracts-MTT assay
The determination of the effect of FAg/24 and F-Ag ? Si/24 extracts, and non-modified control fibers F( 0 ) on L929 cell viability (mice fibroblasts, ATTC-Catalog No. CCL-1TM) was performed using an MTT assay according to the European Standard ISO 10993-5:2009(E), 'Biological evaluation of medical devices, Part 5: Tests for in vitro cytotoxicity'. In F si cellulose fibers modified with nanosilica without silver nanoparticles F-Ag/12 cellulose fibers modified with silver nanoparticles, which were generated over 12 h F-Ag ? Si/24 cellulose fibers modified with silver nanoparticles, which were generated in NMMO in the presence of nanosilica over 24 h
The second number marked as 12 will be changed into 24 or 48, depending on the time needed for the process of silver nanoparticles synthesis addition, epithelial-like human cells (HeLa, ATTCCatalog No. CCL-2TM) were used to evaluate cell viability. Cell cultures grown in IMDM and PBS or IMDM and PBS enriched in fetal calf serum (IMDM''?'' and PBS''?'') without extract were used as controls. Cell viability was calculated according to the formula:
Viability ½% ¼ Absorbance of the tested sample Absorbance of control sample Â 100
According to the standard used, a compound was considered as non-toxic to cells unless it reduced cell viability below 70%.
Results and discussion
Estimation of basic parameters of silver nanoparticles using the DLS and TEM methods In order to estimate the size, shape and distribution of silver nanoparticles, the dynamic light scattering (DLS) and transmission electron microscopy methods were used. The DLS analysis included the measurement of the size of silver nanoparticles and their agglomerates. Their number and volume weighting were measured according to the method described in detail in previous research (Smiechowicz et al. 2011 ). According to this method, the measurement of the parameters of silver nanoparticles was carried out only in the solutions. For this reason, the particles were released from the polymer matrix by fibers dissolution but in this state they had a higher tendency to create agglomerates, which strongly scatters the light. The TEM analysis of silver nanoparticles is most convenient for estimating the basic parameters of nanoparticles enclosed in fibers. According to this method, the real state of embedded silver nanoparticles in the fibers was estimated. The additional advantage of TEM analysis is the possibility to observe the particles, as well as to estimate their shape and distribution directly in the polymer matrix of the fibers.
DLS allows for the determination of the diameters of particles in liquid samples only; therefore, it was necessary to dissolve the fibers in order to free the particles from the polymer matrix. All solutions used in the present work were obtained by dissolving fibers containing nanoparticles, so cellulose is one of the main components of the examined solutions. As a consequence, the appropriate concentration of the analysed solutions (the applied amount of fibers was about 0.07 g) and the polymerisation degree of cellulose (DP) are two of the most important parameters. Fibers were dissolved in an iron (III) sodium tartar complex (EWNN mod NaCl ) solution (ISO 5351/2-1982) and placed in a laboratory shaker for 1 h. The size of silver nanoparticles in the tested solution was measured at a temperature of 25°C.
The obtained results are shown in Table 2 and in Fig. 1 . Figure 1 shows Nikomp's distribution of silver particles' size generated in an NMMO solution at 20°C over 12 h.
According to the DLS theory, the results are divided into three fractions depending on the size of particles in dispersion. The intensity of light dispersion is a parameter which has significant influence on the division of particles. According to the DLS measurement, light dispersion occurs only on the nanoparticles and agglomerates, because in each of the analysed systems obtained by cellulose fibers' dissolution, the fraction from the cellulose macromolecules was not observed. The intensity of light dispersion for the dissolved fibers not containing silver nanoparticles is much lower than for the samples of solution obtained from fibers containing nanoparticles. Based on the above observations, it can be stated that the first fraction represents silver nanoparticles and the second fraction represents silver nanoparticles or agglomerates, depending on the intensity of light dispersion. The third fraction represents only nanoparticles agglomerates. In some cases, the concentration of nanoparticles is below 0.1%, which was marked in Table 1 as \ 0.1%. Such results are obtained because of the insufficient resolution of the apparatus or because there was too low a concentration of silver nanoparticles in the sample of cellulose fibers.
Having analysed the results of the dispersion of silver nanoparticles in NMMO, it was concluded that the synthesis of silver nanoparticles at a temperature of 20°C at various times allows the generation of nanoparticles of c. 2-40 nm, as presented in Table 1 . It was observed that the size of silver nanoparticles in the fibers modified with them increased dramatically. The diameter of the silver nanoparticles undergoes a change when the duration of the synthesis is modified. For the shortest synthesis durations in NMMO (12-24 h), silver nanoparticles with a diameter of c. 20 nm are most likely to be created in the fibers (F-Ag/ 12 and F-Ag/24). In the aforementioned fibers, agglomerates of silver nanoparticles of 70-800 nm (F-Ag/12) are formed; interestingly, their size is almost twice as big (200-1600 nm) when the synthesis is prolonged to 24 h. Further extension of the synthesis of silver nanoparticles to 48 h leads to a situation where only agglomerates of particles of c. 120-2500 nm are visible in the fibers (for a dissolved fiber F-Ag/48). The sizes of silver nanoparticles generated in NMMO with nanosilica for the selected times of synthesis are shown in Table 3 . Following the process of dissolving fibers, which ''freed'' silver nanoparticles, the size of the particles in modified fibers was estimated. Measurements of the size of particles in fibers with nanosilica and without silver nanoparticles, and in aqueous NMMO solutions with dispersed silver nanoparticles and nanosilica were carried out.
Figure 2 presents Nikomp's distribution of silver nanoparticles' size generated in an NMMO with nanosilica at 20°C over 24 h. Nanoparticles from cellulose fibers are also shown.
The results of the DLS tests carried out on fibers modified solely with colloidal nanosilica (F si ) show that the modifier has a strong tendency to agglomerate due to the fact that the colloidal solution introduced into the cellulose pulp contained nanosilica particles as small as 7 nm. In the obtained cellulose fibers, however, silica nanoparticles formed a high number of larger agglomerates as big as 67 nm (c. 97%) and about 3% of large agglomerates 1759 nm. In this solution, light underwent dispersion mainly in the largest agglomerates (83%). The content of nanosilica introduced into the fibers was 5% w/w. This means that it was the dominant ingredient in the system, which considerably affected the size of the particles in the solution. In the solution (NMMO-Ag ? Si/24), there are silver nanoparticles with a size below 100 nm but they are not detectable by the DLS method. In this system, the strong signal of the large particles and their aggregates (110 nm) or agglomerates (900-4400 nm) dominates the signal coming from small particles. Nevertheless, the presence of small nanoparticles was proved in fibers by the TEM analysis discussed in this paper. Synthesising at 20°C for 24 h, 20% of considerably larger agglomerates of about 400 nm were formed. A reverse result was observed for the fibers obtained with the solutions containing silver nanoparticles. The smaller particles (14.5 nm), with a bigger share (90-99%) were formed in the solution of fibers F-Ag ? Si/24. In addition, a small fraction of large agglomerates (c. 1750 nm) was found in fibers. Comparing the fibers obtained in the same conditions, but without nanosilica (Table 2) , it can be observed that introducing nanosilica into the system affected the agglomeration processes of formed nanoparticles as bigger particles and larger agglomerates were formed.
Silver nanoparticles size estimation using the TEM method In order to verify the results obtained with the DLS method, the TEM technique was applied. TEM is a useful method which allows for direct observations of extremely small objects. In this case, TEM enables the characterisation of silver nanoparticles enclosed in the polymer matrix of cellulose fibers in a more detailed way. Based on a series of observations using the TEM method performed with the bright field (BF) and high resolution (HR) techniques] it was possible to estimate not only the distribution size but also the shape of silver nanoparticles.
The histogram presenting the range of sizes of the particles was created on the basis of TEM pictures (particles were counted in each of the images). They present the relation between the distribution of particle sizes and their number in the matrix of cellulose fibers. Additionally, the percentage in reference to each of the sizes of silver nanoparticles was given. In some of the fibers modified with silver nanoparticles, aggregates of particles are visible, which significantly influences the numerical contribution of nanoparticles. Therefore, the relation between the range of the sizes of the particles generated in the fibers and their number with the percentage underlining their proportion was presented. For each of the histograms, the average size of the particles, the standard deviation of the particles' diameter (s), and their minimum and maximum diameter (D min , D max ) were calculated. In the case of particles that are shaped elliptically defined by their length and width, the following was discovered:
1. Average aspect ratio of elliptical particles:
where: L max. , L min. -maximum and minimum length axis of the ellipse. 2. Eccentricity of ellipse e:
The value of eccentricity of an ellipse is less than 1 (0 \ e \ 1).
For all of the above described parameters, standard deviation was calculated, s w and s e respectively. TEM analysis of the basic parameters of silver nanoparticles generated at 20°C for different durations of synthesis and introduced into the cellulose fibers
• fibers sample F-Ag/12 TEM images of elliptical silver nanoparticles and their aggregates in cellulose fibers F-Ag/12 are shown in Fig. 3 . The size distribution of silver nanoparticles with the average standard deviations of the size of nanoparticles (s) and their basic parameters are shown in Fig. 4 .
In the case of silver nanoparticles synthesised in NMMO at 20°C for 12 h, their shape is elliptic and the particles obtained in the cellulose matrix are beanshaped (Fig. 3a) .
The median elliptic W and eccentricity ē factors, which were 1.35 and 0.65 respectively, proved the elliptic shape of the particles. In the analysed fiber F-Ag/12, nanoparticles varying from c. 2.4 to c. 81 nm, and their aggregates of c. 1200, 300 and 400 nm (Fig. 3c) were observed. The median size D of the particles is 22.7 nm. These results also show that nanoparticles of a size close to the median (from 20 to 25 nm) are found in the largest part of the population (22.9%). As there is a sizable number of large particles between 15 and 30 nm in fibers, as well as their aggregates, the distance between the nanoparticles and their uneven distribution in the polymer matrix (Fig. 3b) is clearly visible in TEM images (Fig. 3) . The average size of particles, which is 23 nm, and a large number of particles with a diameter as long as 20-25 nm prove that the reduction of silver ions was more effective when the reaction mixture was placed together with cellulose and heated and steered into the laboratory kneader, which stands in contrast to a 12 h synthesis in NMMO.
• fibers sample F-Ag/24 TEM images of elliptical and spherical silver nanoparticles in cellulose fibers F-Ag/24 are shown in Fig. 5 . The size distribution of silver nanoparticles with the average standard deviations of the size of nanoparticles (s) and their basic parameters are shown in Fig. 6 .
Analysing the histogram of sizes of silver nanoparticles in fiber F-Ag/24 (Fig. 6) , it can be observed that they ranged between 8 and 60 nm in size, with the majority of particles between 15 and 30 nm. In the matrix of the analysed fiber, it can be noticed that there is a minor contribution of small silver nanoparticles with a size of just a few nanometers. These could not have been estimated due to the insufficient definition of TEM images. The synthesis of silver nanoparticles in NMMO during 24 h allowed for the generation of both elliptic (with an elliptic factor of 1.33 and eccentricity of 0.64) and spherical particles, as shown in Fig. 5a . What can be observed in the TEM images are only relatively small aggregates of particles c. 150 nm (Fig. 5c ). Image 5b of particles presented in Fig. 5 indicates that particles in fiber F-Ag/24 are more evenly distributed than in the fiber modified with silver nanoparticles synthesised for 12 h at the same temperature of 20°C (F-Ag/12).
• fibers sample F-Ag/48 TEM images of spherical silver nanoparticles in cellulose fibers F-Ag/48 are shown in Fig. 7 . The size distribution of silver nanoparticles with the average standard deviations of the size of nanoparticles (s) and their basic parameters are shown in Fig. 8 . In fiber F-Ag/48, the size of the obtained silver nanoparticles ranged between 2 and 55 nm, with the majority being shaped spherically. In TEM images, a small number of elliptical particles (with the median shape factor of 1.31 and the median eccentricity of 0.63) can be observed. The majority of particles observed in the analysed fiber have a radiant ranging from 2 to 5 nm (Fig. 8) . TEM images (Fig. 7) show that small nanoparticles are prone to agglomeration (d). Moreover, aggregates of particles as big as 1000 and 1500 nm can be observed (c). In Fig. 7 , in bright field (b), silver nanoparticles are relatively evenly distributed in the polymer matrix of the fiber. Silver nanoparticles synthesised with nanosilica at 20°C over 24 h were analysed by DLS method and introduced into spinning dope. • fibers sample F-Ag ? Si/24
Images of nanoparticles and their agglomerates obtained by TEM for fibers F-Ag ? Si/24 are shown in Fig. 9 .
Images of nanoparticles and their agglomerates obtained by TEM for fibers F-Ag ? Si/24 are shown in Fig. 9 . Images of silver nanoparticles taken by HREM (Fig. 9a) confirm the presence of both spherical and elliptical particles, which were observed in fiber F-Ag/24 modified with silver nanoparticles obtained under the same conditions as fiber F-Ag ? Si/24 with nanosilica. Furthermore, in bright field (Fig. 9b) , a high density of nanosilica introduced into the fiber can be noticed, which have an even distribution across the fiber. The size of the silver nanoparticles obtained in the fiber is comparable to the size of those generated in the fiber without nanosilica, which is its base fiber (F-Ag/24). Microanalysis of the polymer matrix of fibers using the EDS method Using Energy Dispersive Spectrometry, major inorganic elements (silver nanoparticles and nanosilica) in the cellulose fibers (F-Ag/24 and F-Ag ? Si/24) were identified. Both fibers were obtained by introducing silver nanoparticles synthesised at 20°C for 24 h. The results are shown in Figs. 10 and 11 . Figure 10 shows a TEM image in the dark field of silver nanoparticles synthesised at 20°C for 24 h (F-Ag/24) (a) and EDS spectrum (b) of the red marked area on (a). Figure 11 shows a TEM image of silver nanoparticles (generated at 20°C for 24 h) in dark field (F-Ag ? Si/24) (a) and chemical composition analysis (b and c) of the red marked areas on (a).
Tests on the chemical composition in certain areas of the selected fibers, which are presented in Fig. 11 , proved that the particles marked with red in the TEM pictures are silver nanoparticles. In EDS spectra included in this section and obtained for each of the fibers, peaks which prove the presence of silver nanoparticles can be easily noticed. In EDS spectra for the fiber modified with both silver nanoparticles and nanosilica (F-Ag ? Si/24), peaks of silica are also observed, which prove its presence in the matrix of the fiber. In the presented EDS spectra, peaks of copper can be noticed due to the fact that during the analysis the fibers were placed on a copper net.
Estimation of the antibacterial activity of the fibers
The Japanese Industrial Standard JIS L 1902:1998 was used to determine the antibacterial efficiency of the obtained fibers. After incubating for 24 h at 37°C, the difference between germ counts (the number of colony-forming units, CFU) on fibers and on the reference sample was determined. According to Zikeli, antibacterial activity can be divided into three groups: slight, significant and strong. Slight activity occurs when the difference of log CFU between the fiber and the reference sample equals 0. Significant activity occurs when that difference is greater than 1 and strong activity takes place when that difference is greater than 3 (Zikeli 2002) . The selected fibers were tested against the Escherichia coli bacterium-a representative of Gram negative bacteria-and Staphylococcus aureus, a representative of Gram positive bacteria. The antibacterial properties of the fibers with silver nanoparticles synthesised from NMMO-AgNO 3 in various synthesis conditions were tested. The selected fibers were modified with silver nanoparticles Tables 4 and  5 .
Having analysed the results of the tests on the selected fibers modified with silver nanoparticles synthesised in NMMO at different times and temperatures, it can be concluded that fiber F-Ag/12 with silver nanoparticles synthesised in NMMO at the lowest of the applied temperatures, namely 20°C, and for the shortest time-12 h-displays a very low bacteriostatic and bactericidal activity, or even a lack of activity, which can be explained, according to some researchers (Yu et al. 2003; Gutarowska et al. 2009 ). Fibers F-Ag/24 and F-Ag/48, modified with silver nanoparticles at 20°C and during 24 and 48 h respectively, display good or very good antibacterial characteristics. In the case of fiber F-Ag/24, its good antibacterial activity stems from the lack of large aggregates, from the large share of nanoparticles between 8 and 30 nm, and from the infinitesimal share of very small particles of just a few nanometers (TEM analysis, Figs. 5, 6 ). In contrast, in fiber F-Ag/48, a number of aggregates, as well as a large share of very small silver nanoparticles between 2 and 5 nm, can be observed (TEM analysis, Figs. 7, 8) , the presence of which is the reason for the satisfactory antibacterial properties of the fibers. The comparison of fiber F-Ag/ 24 and fibers F-Ag ? Si/24 shows that the latter displays increased antibacterial activity against S. aureus and decreased activity against E. coli from strong to significant. This results directly from the introduction of nanosilica into fiber F-Ag ? Si/24.
Evaluation of the effect of extracts obtained from modified fibers on the viability of human and mouse cells
The influence of 24 and 48 h extracts obtained from F-Ag/24 and F-Ag ? Si/24 modified cellulose fibers on the viability of the two cell lines: mouse L929 and human HeLa, was tested and compared with the effect of control fibers (F 0 ).
The results obtained in the experiment are presented in Table 6 and Table 7 .
Silver nanoparticles and nanosilica-modified fiber extracts (F-Ag ? Si/24) did not affect the viability of the examined cells irrespective of extraction time (24 or 48 h) and the media in which they were obtained (PBS or IMDM). Metabolic activity at mitochondrial level was comparable to that of the cells cultured in the presence of untreated control fiber extracts. Statistically significant cytotoxicity, albeit very low, at a level close to that considered as non-toxic (B 30%) was observed in the case of 24 h (33.36% of toxicity) and 48 h (33.48%) fiber extracts of F-Ag ? Si/24 obtained only in PBS supplemented with FBS. The decrease in cell viability (45.89 and 58.26%) was observed irrespective of the cell line used in the presence of PBS F-Ag/24 extracts but only modified with silver nanoparticles. In addition, a further decrease in cell activity was observed to 84.89 and 81.38% The cytotoxicity results of extracts of fibers modified with silver nanoparticles and nanosilica have confirmed the hypothesis that applying silica nanoparticles as an additional modifier in a considerably larger share than the share of silver nanoparticles impedes the release of silver nanoparticles.
According to scientific papers, there are some alternative methods for the estimation of the cytotoxicity of nanoparticles. It seems to be very important to compare the toxicity data obtained via different methods in order to explain cell response to nanoparticles exposure (Fede et al. 2012) . There are many studies, however, concerning the toxicity of silver and silica nanoparticles, but the precise mechanism of interaction between living cells and silica nanoparticles, and the silver-silica nanoparticles system are still not known, requiring further investigations (Kim et al. 2015; Fede et al. 2012; Rabolli et al. 2011; Besinis et al. 2014; Schneider 2017) .
Determining the mechanical properties of cellulose fibers
This research aimed at assessing the influence of silver nanoparticles introduced into the fibers on average parameters defining the mechanical properties of the fibers, namely their linear density, conditioned tenacity and elongation at break. Tests were carried out on all fibers modified with silver nanoparticles, as well as on selected fiber with both silver nanoparticles and nanosilica. The reference cellulose fiber without the modifier was also tested. The results are shown in Table 8 .
Differences between fibers with and without the modifier F 0 , both in conditioned tenacity (at about a few cN/tex) and in elongation at break (Table 8) may stem from the character of cellulose, which as a natural polymer is heterogeneous, and from the process of spinning. On the basis of these tests, it can be concluded that introducing silver nanoparticles into fibers does not influence their mechanical properties. Comparing the results of conditioned tenacity on fiber F-Ag ? Si/24 and F-Ag/24 without nanosilica, a certain increase in the tenacity can be observed in fibers with nanosilica. Another conclusion relating to fibers with nanosilica is that the modifier increases the elongation at break factor. Taking into account our previous research, it is believed that the improvements in the mechanical properties of the fibers result from the presence of nanosilica, and not silver particles (Kulpinski 2005) .
Determination of moisture absorption and water retention for the obtained fibers
The influence of the presence of the modifier in the fibers' matrix on their hygroscopic parameters was checked. Therefore, tests on the moisture absorption and water retention of fibers using the methods mentioned above were carried out. The selected fibers with the modifiers (silver nanoparticles, nanosilica) and fibers without modifiers, constituting a reference sample, were tested. The results are shown in Table 9 .
Having analysed the results of tests on the moisture absorption and water retention of fibers modified with silver nanoparticles synthesised in various conditions (Table 9) , it can be concluded that there are no significant differences between the parameters obtained for modified and unmodified fibers. Only a slight decrease in the level of water retention of modified fibers was observed, which most likely results from the introduction of silver nanoparticles into the fibers. Since their number is very small, it cannot be assumed that the modifier or the modifying conditions influence the hygroscopic parameters of the fibers. When a fiber is modified with nanosilica, the influence on these parameters is observed. Cellulose fibers with nanosilica, as well as those with nanosilica and silver nanoparticles, display an increase in moisture sorption and water retention. The small influence of nanosilica on the hygroscopic parameters of fibers originates from a higher share of nanosilica in comparison to the share of silver nanoparticles in the matrix of the fiber. Nevertheless, the change is slight and, thus, it cannot be argued that modifiers influence the hydrophilic properties of modified cellulose fibers.
Conclusion
Cellulose fibers modified with silver nanoparticles and silver nanoparticles with nanosilica were obtained. Antibacterial characteristics parallel the basic parameters of silver nanoparticles present in the fibers Compatibility of antibacterial efficacy with the basic parameters of silver nanoparticles present in the fibers is noticeable (in size, shape, ability to form aggregates and their distribution in the polymer matrix). The obtained cellulose fibers revealed good and very good antibacterial characteristics against E. coli and S. aureus respectively. The presence of silver and silica nanoparticles in the polymer matrix was proven with X-ray Microanalysis. The addition of nanosilica to the fibers however, may contribute to the elimination of the negative effects of silver nanoparticles present in the fiber matrix, as demonstrated by in vitro studies using human and mouse cell lines. The survival of L929 and HeLa cells in the fiber extracts oscillates around 70%, regardless of the extraction medium used. It can, therefore, be concluded that the extracts of these fibers are not cytotoxic when tested in vitro against chosen cell lines. The addition of nanosilica to the fibers' matrix allows for the elimination of the toxicity of silver nanoparticles on human tissue.
Tests on the mechanical and hygroscopic parameters in fibers with silver nanoparticles compared with fiber without the modifier proved that when the share of silver nanoparticles in the fiber is slight (0.05%), the basic parameters are not affected. Nanosilica, as a modifier, increase the elongation at break of the fibers. Testing their hygroscopic parameters, a slight decrease of water retention in the modified fibers was observed, though such minor changes do not allow for the formulation of definite conclusions. A minor influence of nanosilica on the hygroscopic parameters of the obtained fibers was noticed. Therefore, it cannot be argued that modifiers influence the hydrophilic properties of modified cellulose fibers significantly.
Consequently, antibacterial cellulose fibers with silver nanoparticles and nanosilica obtained in this way are safe for humans and the environment, which means that they are appropriate for medical applications.
